Melanotransferrin (MTf) is a protein associated with oncogenetic, developmental, and immune processes which function remains unclear. The MTf gene has been reported in numerous vertebrate and invertebrate species, including echinoderms. We now report the finding of four different MTfs in the transcriptome of the sea cucumber Holothuria glaberrima. Sequence studies and phylogenetic analyses were done to ascertain the similarities among the putative proteins and their relationship with other transferrin family members. The genes were shown to be differentially expressed in various holothurian organs and to respond differently when the animals were challenged with the immune system activator lipopolysaccharide (LPS). Moreover, the four genes were found to be highly overexpressed during the early stages of intestinal regeneration. The finding of four different genes in the holothurian is particularly surprising, because only one MTf gene has been reported in all other animal species sequenced to date. This finding, combined with the increase expression during intestinal regeneration, suggests a new possible function of MTf in organ regenerative processes.
INTRODUCTION
Melanotransferrin (MTf), also known as melanoma tumor antigen p97, is an enigmatic protein that was first identified as a membrane-bound protein, highly expressed in melanomas and some tissues during developmental stages (Woodbury et al., '80; Brown et al., '81b; Sciot et al., '89; Danielsen and van Deurs, '95; McNagny et al., '96; Kawamoto et al., '98) . MTf is a glycosyl phosphatidylinositol (GPI) membrane-bound glycoprotein with two transferrin domains (Brown et al., '81a, b; Brown et al., '82; Rose et al., '86; Alemany et al., '93; Food et al., '94) . Although MTf is part of the transferrin family, it only has one functional iron-binding site, making it less favorable as an active iron transporter (Rose et al., '86; Richardson and Baker, '91; Baker et al., '92) . MTf function remains unclear. In mammals, many putative functions have been proposed for this protein, including roles in cell migration, angiogenesis, development, and even in Alzheimer's disease (Jefferies et al., '96; Sala et al., 2002) . However, knockout (MTf −/− ) and hyperexpressing (MTf Tg ) mice strains have been generated, but neither presented phenotypical changes, either morphologically or histologically, making it difficult to define a function for this gene Suryo Rahmanto and Richardson, 2009 ). In contrast, Drosophila KO of the MTf homolog, presented malformation of hindgut epithelial cells septate junctions, suggesting that MTf was involved in establishing a paracellular permeability barrier (Tiklová et al., 2010) .
We and others have previously described the MTf homolog in members of the phylum Echinodermata (Rojas-Cartagena et al., 2007; Ramírez-Gómez et al., 2008; Qui et al., 2014) . This gene, in particular, caught our attention because it was found in our transcriptomic studies to be among those associated with the process of intestinal regeneration in the echinoderm H. glaberrima (Rojas-Cartagena et al., 2007; Ramírez-Gómez et al., 2008) . Moreover, it was also found to be overexpressed in the intestinal tissue following immune activation induced by lipopolysaccharide (LPS) injections (Ramírez-Gómez et al., 2008 . H. glaberrima is a holothurian or sea cucumber (member of the phylum Echinodermata), that is able to regenerate its intestine following evisceration (García-Arrarás et al., '98; García-Arrarás and Greenberg 2001; San Miguel-Ruiz and García-Arrarás, 2007) . Briefly explained, the new intestine regenerates from the torn edge of the mesentery that was previously attached to the eviscerated organ. The regeneration occurs following the wound healing that takes place at the tip of the mesentery on days 1 and 2 post evisceration. The tip of the mesentery is observed to thicken in the following days, forming a rod that extends from the esophagus to the cloaca. This initial rudiment consists of connective tissue surrounded by a modified regeneration epithelium. During the second week of regeneration, luminal epithelial cells from the remaining esophagus and cloaca migrate into the rudiment invading the connective tissue and forming the new lumen. Thus, by the end of the third week of regeneration the three layers of the intestine has been reconstituted; the mesothelial layer with the coelomic epithelium and the muscle layer, the connective tissue layer or submucosa and the luminal epithelial layer or mucosa. Our previous work shows some of the cellular events that take place during this organogenesis, including cell dedifferentiation, migration and proliferation, apoptosis, redifferentiation, and remodeling of the extracellular matrix (Dolmatov and Ginanova, 2001; Quiñones et al., 2002; Candelaria et al., 2006; García-Arrarás and Dolmatov, 2010; García-Arrarás et al., 2011) . In addition, the evisceration process that takes place prior to the regeneration involves the rupture of the mesenteries and expulsion of the organs through the cloaca, thus also activating the organism's immune system. We now report that H. glaberrima, in contrast to other animal species, expresses four different MTfs gene sequences. These sequences are differentially expressed in various organs and are also differentially expressed in response to immune activation. Moreover, we show that all four homologs are overexpressed during intestinal regeneration, suggesting that MTfs function is associated with the regenerative process.
MATERIALS AND METHODS

Animals
Holothuria glaberrima specimens were collected in Puerto Rico's north coast. Evisceration was induced by intracoelomic KCl 0.35 M injection (2-4 mL), and animals were kept in aquaria to regenerate for 3, 5, 7, 10, 14, or 21 days. Noneviscerated animals were used as controls. Animals were anesthetized by placing in ice-cold seawater for 25 min. Animals were dissected by doing an incision posterior to the nerve ring, and another through lateral body wall. The exposed intestinal primordia for each stage were placed in RNAlater R (Sigma, R0901; St. Louis, MO, USA) solution for posterior RNA and protein extraction and stored at -20°C. All other tissues (muscle, nerves, respiratory tree, hemal system) were dissected from noneviscerated animals and stored the same way.
RNA and Protein Extraction RNA was extracted using two methods, Tri-reagent R (Sigma, N93289; St. Louis, MO, USA) and the RNAeasy mini kit (Qiagen, 74104; Germantown, MD, USA). The total RNA was first extracted by phase separation using Tri-reagent, then the aqueous phase was placed in the RNAeasy columns, cleaned and eluted in 50 μL RNase free water and its concentration and integrity were determined using the NanoDrop-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Then the extractions were stored at -80°C until used. The proteins were extracted using Tri-reagent protocol (Chomczynski, '93) , dissolved in 1% SDS solution, and the concentration was determined using the BCA TM Protein Assay Kit (Thermo, 23225; Wilmington, DE, USA) and the spectrophotometer SmartSpec TM 3000 (Bio-Rad, Hercules, CA, USA).
cDNA Synthesis cDNA was synthesized using 1 μg of total RNA from each sample and 2 μL oligodT primers [10 μM] (IDT). The final volume of this mix was 13 μL. Then, the solutions were incubated for 3 min at 85°C and then placed on ice. After the incubation time, the remaining components for the reaction were added: 1 μL [10 μM] dNTPs, 1 μL RNAse inhibitor, 4 μL 5× RT buffer, and 1 μL GoScript TM RT (Promega, A5000; Madison, WI, USA) and were incubated for 1 hr at 42°C and at 92°C for 10 min.
Gene Sequencing
Primers were designed for each gene using Net primer webservers. PCRs were made using a mixture of all regenerative stages cDNA in a Mastercycler (Eppendorf, Hauppauge, NY, USA) using the GoTaq Flexi DNA Polymerase kit (Promega, M8296). Amplifications were made using the following program: 94°C for 20 sec, 53°C (±3°C) for 30 sec, 72°C for 45 sec; for 35 cycles. PCR product size and integrity were determined by agarose gel electrophoresis using a sodium borate buffer stained with SafeView (ABM, G108; Richmond, BC, Canada) and a GelDoc System (Bio-Rad, Hercules, CA, USA). The products were purified using the ExoSAP protocol and sequenced in the ABI 3130xl machine.
Sequence Analyses
To determine the presence of holothurian MTf homologs, we searched for sequences within our transcriptomic databases that showed strong similarities to the original H. glaberrima MTf. Sequences were assembled into contigs using the Software Geneious (Biomatters, Auckland, New Zealand). Each contig predicted open reading frame (ORF) product was queried against the nonredundant protein database at the National Center for Biotechnology Information (NCBI) using the BLASTP algorithm default parameters (Altschul et al., '97) . GPI-anchor sites, signal peptides, and domains were searched using the fragAnchor, SignalP, and RPS-BLAST programs, respectively. Identity and similarity analyses were obtained by performing a multiple alignment; each sequence was compared with each other. The multiple alignments were made using Geneious, and Blossum62 Matrix, with gap penalty of 12 and gap extension penalty of 3. Comparative analysis with the Parastichopus parvimensis genome shotgun sequence (GSS) was made using the MTFs amino acid sequence and blast it using the tblastn tool with a Blossum62 Matrix with gap penalty of 11 and gap extension penalty of 1. The phylogenetic analysis was made using Geneious PHYML v2.4.5 program with Blossum62 amino acid substitution model and 1,000 bootstraps for the available MTf sequences in NCBI and some transferrin family members.
LPS Induction
LPS from E. coli 0111:B4 (Sigma Aldrich L2630; St. Louis, MO, USA) was dissolved in filtered seawater to a final concentration of 4 mg/mL. Six noneviscerated animals were used. Three of these were injected intracoelomically with 0.5 mL of the LPS solution, and three others were used as controls and injected with 0.5 mL of the filtered seawater. All animals were kept in an aquarium for 2 days, and then anesthetized and dissected as previously described. The intestines were obtained and prepared for extraction of total RNA.
Gene Expression Analysis
Primer sets for each gene were designed (IDT; Coralville, IA, USA) for products of approximately 200-300 bps. Each set was tested against the other MTfs products to discard cross amplification. PCRs were made to determine the optimal cycle for each gene before reaching a plateau. The differential expression of the genes was semiquantitatively determined by normalizing the optical densities (ChemiDoc TM XRS+ System) for each stage against NADH Dehydrogenase unit 5 (241 bp). Each stage was analyzed with at least an N = 3, with each sample representing one intestine. Student t-test was used as statistical analysis.
Antibody Production
Two mice were immunized with the synthetic peptide CRSED-DWNRRLRQKD (GenScript; Piscataway, NJ, USA) linked to keyhole limpet hemocyanin (KLH) by a cysteine. The sequence is part of the COO-transferrin domain of HgMTf1. It was selected because it was an immunogenic sequence that showed some of the least similarity among the four MTfs, according to a multiple alignment analysis. (The sequence shared only four amino acids with HgMTf2 and five amino acids with HgMTf3 and HgMTf4.) An emulsion containing 25 μL of [2 mg/mL] peptide and 25 μL of Freund's adjuvant (Sigma, F5881; St. Louis, MO, USA) was injected intraperitoneally to each mouse; a second immunization was performed after 3 weeks using an emulsion of 25 μL of [2 mg/mL] peptide and 25 μL of Freund's incomplete adjuvant (Sigma, F5506; St. Louis, MO, USA). After 7 days from the second injection, blood was collected and polyclonal serum obtained for immunohistochemistry. An animal that produced immunoreactive serum was boosted with peptide 3 days before spleen dissection for the production of monoclonal antibodies. The fusion was performed by the stirring method (Harlow and Lane, '98 ) with a spleen: myeloma (SP20) ratio of 6:1. The supernatant from wells exhibiting good hybridoma growth was used for Western Blot assays with H. glaberrima proteins extract. Antibodies were selected based on their reactivity to H. glaberrima proteins, specific for a 90-kDa band, which is the approximated molecular weight for MTf1. Then, these antibodies were tested against the original peptide and other KLH-linked peptides in Western Blot analysis to confirm their reactivity against the peptide, and not the KLH.
Westerns Blots
The Western blot assays were made by loading 30 μg of total protein extracts in a SDS-PAGE (3% stacking and 12% running gel) for 1 hr at 150 V using a Mini Protean Electrophoresis system (Bio-Rad; Hercules, CA, USA). The gel and a polyvinylidene fluoride (PVDF) membrane were equilibrated for 10 min in Towin buffer and transferred at 100 V for 1 hr in a Mini Trans Blot Cell 
RESULTS
New MTf Gene Homologs
Previous studies from our group had identified an MTf sequence from 3-and 5-days H. glaberrima regenerating intestine cDNA libraries, HgMTf (ACS74869) (Rojas-Cartagena et al., 2007; Ortiz-Pineda et al., 2009 ). The existence of a possible second isoform was later documented (Ramírez-Gómez et al., 2008) . More recently, we have obtained next-generation sequencing data from normal and regenerating radial organ and intestinal tissues (Mashanov et al., 2014) . When assembled into contigs data, we found several sequences that presented amino acids that were similar though not identical to the previously described HgMTf. Since the sequences obtained were assembled from short contigs, it was necessary to clearly demonstrate that they represented real sequences and were not the result of assembly mismatches. Thus specific primers were obtained for each sequence and were used to amplify the corresponding sequence from a cDNA mix of regenerating intestines at different stages (3, 5, 7, 14, 21 days postevisceration [dpe]) and noneviscerated intestinal tissue samples using PCR. The amplified products were then sequenced, assembled, and analyzed against BLASTx nonredundant data base (NCBI) (Altschul et al., '97 ).
The results demonstrate the presence of three ORFs that were similar to the original MTf protein (now Hg MTf1) according to BLASTp P-values and were named Hg MTf2 (KP861416), Hg MTf3 (KP861417), and Hg MTf4 ( KP861418) ( Table 1 ). The percentage of maximum identity for these four proteins in comparison to human MTf (Hs MTf) was very similar, Hg MTf2 having greater similitude. Chemical properties derived from their translated primary sequences showed that the three new Hg MTfs have lower predicted isoelectric points (pI) and molecular weights (Mw) than Hg MTf1.
The proteins' primary structures were aligned and compared with each other, with other available echinoderm sequences, and with Hs MTf. All echinoderm predicted MTfs showed structural and chemically important amino acid conservation and identity among them, and with Hs MTF (Fig. 1) . This conservation is observed within the two characteristically transferrin lobular domains present in the family members. Along the two domains, the N-terminal lobule had the same standard arrangement of amino acids in all MTfs and transferrins. In contrast, in the Cterminal lobule motif some modifications were present, in which at least two of five amino acids were changed (S→D, Y→W or A→S). The Hg MTfs sequences were further analyzed bioinformatically for the presence of other possible functional domains, motifs, signal peptides, and/ or GPI-anchored signals (Tables 2  and 3 ). Phosphonate transporter multi domains were found in all Hg MTfs transferrin lobules, but these differed in various motifs. SignalP and fragAnchor analysis showed that all Hg MTfs have a predicted signal peptide (that varies in size and cleavage site sequence) and showed a high probability of being GPI-anchored to the membrane at the carboxyl terminal (Poisson et al., 2007; Petersen et al., 2011) .
All Hg MTfs protein sequences were blasted against the whole GSS of P. parvimensis, where several sequences were identified that may correspond to these MTf paralogs. (Table 4) GSS conform four possible transcripts with high identity match, and query coverage ranging from 58% to 88%.
Phylogenetic Analysis
As explained above, MTfs are part of a large transferrin family that has multiple members in most animal groups. To exclude the possibility that our sequences represented other known transferrin genes, such as transferrin, serotransferrin, lactotransferrin, or ovotransferrin, we performed a 1,000 bootstrap PHYML tree analysis, selecting all echinoderm MTfs, plus the transferrins available in the NCBI database, as well as other sequences from several invertebrate and vertebrate model organisms (Guindon and Gascuel, 2003) (Fig. 2) . All four H. glaberrima proteins were grouped together in a MTf-specific branch and not with any other transferrin family member. Furthermore, all were grouped within the deuterostome MTfs, excluding as an outer group the rest of the invertebrate MTfs and other transferrin proteins. Finally, the closest member to the Hg MTfs was the sea urchin Strongylocentrotus purpuratus' MTf (Sp MTf). The Hg MTf3 and Hg MTf4 diverged from the others while Hg MTf1 grouped with the only MTf described from the sea cucumber Apostichopus japonicus (Aj MTf).
MTf's mRNA Organ Distribution
To determine if the expression of the different Hg MTfs were specific to certain organs, semiquantitative PCR was performed using cDNA from different organs and normalized to the expression of the housekeeping gene NADH (Fig. 3) . The expression of MTfs appears to be organ specific, with each homolog showing a particular expression profile. None of the MTf transcripts were detected in the respiratory tree nor in the longitudinal muscle tissues. In contrast, all organs except for the hemal system, appeared to express the four Hg MTfs. In the tissues where expressed, Hg MTfs presented different expression patterns. For example, the intestine (both large and small) showed the highest level of expression of all Hg MTfs, and particularly of Hg MTf1 and Hg MTf2. Conversely, the hemal system showed higher expression of MTf2 and low or undetectable expression of other HgMTfs. Intriguingly, the overall Hg MTfs expression was lower in coelomocytes, although these cells showed the highest level of Hg MTf4.
Differential Gene Expression during Regeneration
Previous experiments have shown an overexpression of Hg MTf1 during intestinal regeneration and during immune activation. To determine whether the other Hg MTfs were similarly overexpressed during the regenerative event, semiquantitative PCR was performed using cDNA from intestines of noneviscerated animals as well as from regenerating animals at 3, 5, 7, 10, 14, and 21 dpe. The expressions of the different Hg MTfs were normalized with the expression of the housekeeping gene NADH. (Fig. 4a) . All four Hg MTfs were overexpressed during the first stages of regeneration; two different expression patterns were observed: The first pattern is characteristic for Hg MTf1 and Hg MTf2, which shows an increased expression from day 3, reaching its peak at 7 dpe. The second expression pattern, found for Hg MTf3 and Hg MTf4, shows an increased early expression that decreased gradually to its base (noneviscerated) levels. When the expressions of all Hg MTfs were pooled together, we observed an increase in expression during the earlier regeneration stages (3-7 dpe) decreasing gradually as regeneration continues with a second slight peak at 21 dpe (Fig. 4b) .
Differential Protein Abundance during Regeneration
A mouse monoclonal antibody obtained against Hg MTf1 peptide (KLH-RSEDDWNRRLRQKD) was tested by Western Blot to bind to the synthetic peptide and to a protein homogenate of regenerating intestine, labeling a band of approximately 90 kDa. (Fig. 5 insert) . This band correlated with the putative size of the transcribed HgMTf1 mRNA. Protein extracts were made from regenerating intestines at 3, 5, 7, 10, 14, and 21 dpe and from noneviscerated intestines. The Hg MTf content was analyzed by Western Blot for differential protein abundance during regeneration (Fig. 5) . The Western blots showed that MTf1 protein was more abundant during the early regeneration stages with a significant peak at 3 and 5 dpe when compared to noneviscerated intestines.
Differential Expression of Hg MTfs during Immune Challenge
Our previous experiments showed that MTf was upregulated during intestinal regeneration and also following immune system activation (Ramírez-Gómez et al., 2008) . This suggested that it was the immune response that followed the evisceration process that was responsible for the increase in MTf expression. To determine the effect of immune activation on the four MTf homologs, we repeated the previous experiments. For this, noneviscerated animals were treated with LPS and the MTfs mRNA expression of the intestine, nerve, and coelomic cells was measured by sqPCR (Fig. 6A) . Although a tendency for LPS to induce overexpression of MTfs in the intestines was observed, it was not statistically significant. In contrast, the radial nerve complex, presented a significant upregulation of MTf2 and MTf4 following LPS injection. It is interesting that coelomocytes, the immune cells of echinoderms, only upregulated of one of the MTfs (MTf2 and even showed a tendency to decrease overall MTf expression when the expression of all MTfs was combined (Fig. 6B ). This is in contrast to other tissues such as the small and large intestines that showed a higher expression during the immune challenge (Fig. 6B ).
DISCUSSION
Four MTf Genes Are Present in the Holothurian Genome
In all vertebrates and invertebrates genomic or transcriptomic studies where MTf has been highlighted, only one gene copy has been reported (Rose et al., '86; Lambert et al., 2005a; Suryo Rahmanto et al., 2007a) . Previous studies from our group suggested that H. glaberrima expressed two different MTf sequences (Ramírez-Gómez et al., 2008) . Now, our sequencing and bioinformatic analyses demonstrate there are four different MTFs sequences and that they most probably account for four different genes. The main evidence comes from the putative protein primary structures that differ among them but retain the amino acids that constitute the MTf domains. More important is the presence of different signal peptides in each sequence, with different lengths and excision sites, excluding the possibility of being alternative splicing products. It is known that the human MTf gene undergoes alternative splicing and produces a soluble protein ( MTf) that contains the first six exons (out of 16) and part of the sixth intron (Sekyere et al., 2002; Suryo Rahmanto et al., 2007a ). Although we do not have genome information for H. glaberrima to determine possible MTf exons, it is important to highlight that none of the four different ORFs are a shorter version of the other and that all are predicted to be membrane GPI-anchored proteins, meaning that none of the predicted proteins can be considered to be a soluble form of another. Furthermore, differences in amino acids extend along the complete putative protein sequences, with no major blocks or areas of the protein shown to be identical as would be expected for alternative spliced forms (The longest sequence that is identical among the four MTfs is just ten amino acids in length). Even when the two most similar Hg MTF3 and Hg MTf4 are compared, other than the domain in region 560-600 which is similar in all MTfs, the length of other identical sequences average about 15 residues in length and are distributed from the N terminal to the C terminal. In addition, the sequenced 5'UTRs and 3'UTRs, although short, are very different among the four holothurian MTfs and do not align as the coding regions do. Also the bioinformatic analysis made against P. parvimensis (the other sea cucumber genome), showed there are multiple sequences that may correspond to different genes that produce the MTf paralogs. With the future availability of more echinoderm genomes, and more specifically from a Holothuria genus genome more evidence will be provided of these genes. There are certain differences among the Hg MTf homologs that might be important for their function. It has been shown that all previously described MTfs, have an N-domain that is more positive than the C-domain, and an average pI of 6.0 (Lambert, 2012) . In H. glaberrima, only Hg MTf2 follows this trend. In contrast, Hg MTf1 shows a more positive C-domain, whereas in Hg MTf3 and Hg MTf4 both domains have similar charges. They also have different pIs, which suggest that each Hg MTf might function under different environments or conditions. Moreover, these Protein extracts of noneviscerated and regenerating intestines of animals at 3, 5, 7, 10. 14, and 21 dpe were analyzed by Western blotting. The bands were analyzed by optical density, and the results are shown normalized by total protein loaded. Each bar represents the mean ± SEM of at least three samples from different animals. Insert: Western blot showing two ß90 kDa bands recognized by the antibody in extracts of regenerating intestines. The same antibody recognized the key limpet hemocyanin-MTf1 peptide (KLH-HgMTf1) that was used as an antigen for antibody production.
differences in charge could also be associated with the higher concentration of salts that cells of marine organisms are exposed to.
Gene Origin and Phylogeny
It has been suggested that the transferrin family originated from a gene duplication that produced the two domains that characterize its members, and this duplication then gave rise to the ancient member of the family MTf, appearing 670 MY ago (Park et al., '85; Baldwin, '93; Lambert et al., 2005b Lambert et al., , 2012 . It has also been proposed that the first split produced the MTf /serotransferrin divergence, and that all subsequent splits that gave rise to other transferrin family members ensued from serotransferrin (Baldwin, '93; Lambert et al., 2005b) . Our analyses support this phylogeny and also support previous studies that suggest that a divergence occurred between the echinoderm and chordate MTfs (Baldwin, '93; Lambert et al., 2005b) . Also, it suggests that the four Hg MTfs arose from the "original" echinoderm MTf possibly by further duplications and mutations. The Hg MTfs multiple alignment and phylogenic analysis suggest an initial separation that eventually gave rise to the Hg MTf3/Hg MTf4 and the Hg MTf1/Hg MTf2 groups. The results also show that Hg MTf1 and Hg MTf2 diverged by multiple mutations, whereas Hg MTf3 and Hg MTf4 show less divergence between them. It is also interesting that the other holothurian MTf (from A. japonicus) sequenced to date (Qui et al., 2014) , groups with Hg MTf1 while that of the sea urchin (S. purpuratus) lies outside the holothurian MTf cluster. This finding leads us to predict that multiple MTfs might be present in holothurians, although only one has been described for A. japonicus, and only one has been found in the sea urchins. The exact place where gene duplication(s) occurred in the echinoderm lineage should be explored in future genomic studies.
In terms of specific amino acid sequences, previous phylogenetic studies stated that MTf has a lower rate of change in comparison to other transferrins, which would explain why the C-domain transferrin iron-binding motifs of all four H. glaberrima and of other echinoderms remain nonfunctional (Lambert et al., 2005b) . The MTfs family C-domain transferrin ironbinding motifs (DYRYH) have been mutated and have commonly substituted the aspartate and arginine amino acids for serine on various species (Baker et al., '92; Lambert et al., 2005a; Suryo Rahmanto et al., 2007a) . Nevertheless, the available echinoderm MTf sequences showed that the aspartate residue is not mutated, and some have the arginine mutated to serine or alanine. This can strongly suggest that in the deuterostome ancestor the aspartate residue on the iron-binding motif was not mutated, and that this mutation possibly occurred in the chordate ancestor following the split from other deuterostomes. One substitution also present in echinoderm MTfs, that has not yet been reported, is the change of the first tyrosine for a tryptophan. This mutation could be specific to echinoderms and could have appeared after divergence from the urochordates/chordates ancestor. This mutation could prevent the iron binding due to possible steric hindrance and electrostatic changes, as it has been reported in tyrosine-phenylalanine mutation (Mason et al., 2005) .
MTfs Are Expressed Differentially in Various Holothurian Tissues and Organs
MTf was originally isolated and characterized from human melanomas and other neoplastic tissues (Woodbury et al., '81) . Further studies showed that although the protein is highly expressed in some human tumors and cell lines, particularly melanomas, it is also found in normal tissues, both embryonic and adult (Woodbury et al., '81; Suryo Rahmanto et al., 2007a) . More recently, the protein has been detected in many tissues (intestine, colon, liver, pancreas, brain, kidney, sweat glands, blood, and others) of various mammal and avian species and the gene has been sequenced from fish, tunicates, echinoderms, and insects (Suryo Rahmanto et al., 2007a; Andersen et al., 2011; Lambert, 2012; Suryo Rahmanto et al., 2012) . Thus, it is not surprising that the holothurian MTfs are expressed in most organs studied, detected either by PCR or Western Blots. The highest expression we detected was in organs associated with the digestive tract, the small and large intestines. In mammals, where it has been best studied, digestive tract organs such as colon and ileum, as well as liver and pancreas, have also been found to express some of the highest levels of MTfs of normal tissues (Woodbury et al., '81; Suryo Rahmanto et al., 2007a) . Although the lack of specific antibodies to the other MTfs proteins (Hg MTf2-4) preclude us from comparing the expression of all proteins within the same organ, Western blots of Hg MTf1 do show a high expression of the protein in the noneviscerated and regenerating intestines. For instance, both mRNA and Western blot studies demonstrate an organ-specific expression profile of MTfs in the holothurian that leads us to speculate that the different expressions should respond to the MTfs particular function(s) within an organ. It can be argued that, though the antibody was done against an HgMTf1 peptide sequence that differed significantly from those of the other homologs (see the section Materials and Methods), we cannot ascertain that there is no cross-reactivity with other homologs. Nonetheless, the Western blot results still show a differential expression of MTfs during regeneration.
Possible Roles for Holothurian MTfs
Several studies have ruled out the possibility that vertebrate MTfs play an essential role in iron metabolism or homeostasis (Suryo Rahmanto et al., 2012) . The roles proposed for MTfs include (1) angiogenesis/plasminogen activation and ECM proteolysis, (2) cell proliferation and migration, (3) epithelial septate junction assembly, or (4) immune system functions. Although it is difficult to ascribe a particular role to MTfs in holothurians, it is feasible to speculate on a possible link between the amazing regenerative capabilities of these organisms and the fact that they have four different MTfs. Moreover, all these MTfs mRNA, and at least one of the protein products, were shown to be overexpressed during intestinal regeneration. This link is further strengthened by findings showing that MTfs have been localized primarily to the luminal epithelial cells of the intestine (Alemany et al., '93; Danielsen and van Deurs, '95) , and that the embryonic tissue expressing the highest levels of MTfs in humans is the colon (Woodbury et al., '81; Alemany et al., '93; Danielsen and van Deurs, '95) .
Several cellular processes that take place during the early stages of intestinal regeneration are the most likely stages for MTf involvement. Among these is the initial dedifferentiation of mesothelial cells within the remaining mesentery, and the subsequent proliferation and migration that gives rise to the intestinal rudiment (García-Arrarás et al., '98; García-Arrarás and Greenberg, 2001; San Miguel-Ruiz and García-Arrarás, 2007) . In vertebrates, in vivo and in vitro studies have demonstrated that MTf, via the activation of plasminogen, regulates cell migration, and in the absence or blockage of MTf the ability of cells to migrate diminishes (Demeule et al., 2003; Dunn et al., 2006; Suryo Rahmanto et al., 2007b; Rolland et al., 2009 ). Thus, the proposed migration of dedifferentiated cells from the mesentery toward the forming rudiment Mashanov and García-Arrarás, 2011 ) is one of the most likely events where MTfs might be acting. The increase in MTfs mRNA expression coincides with the timing of this event further suggesting MTfs involvement. This hypothesis is strengthened by the fact that MTf localization in normal tissues has been primarily in epithelial cell types such as mouse epidermal cells, sweat gland ducts, and kidney tubules (Sciot et al., '89; Sekyere et al., 2006) , which correlates with a possible expression within the holothurian mesothelium that includes the coelomic epithelium. In addition, MTfs proteins may be associated with the epithelial to mesenchymal transition and ingression of cells into the connective tissue that takes place during the first week of regeneration (Candelaria et al., 2006; García-Arrarás et al., 2011) . Comparatively, migration and proliferation are two of the events that are known to take place in oncogenetic processes and in particular in melanoma cells where the original MTfs were characterized and where their expression has been shown to be increased (Woodbury et al., '80, '81; Brown et al., '81b) .
Other putative roles for MTfs are less clearly supported by the expression data. For example, most studies of a role in septate junction complex formation have focused on the intestinal luminal epithelial. This includes a functional analysis of Drosophila MTf showing that MTf (and its Fe-binding activity) were essential for the formation of epithelial septate junctions (Tiklová et al., 2010) . However, the increased expression of most holothurian MTfs occurs prior to the appearance of the intestinal luminal epithelia, which takes place during the second week of regeneration (García-Arrarás et al.,'98, 2011) thus ruling out the possibility that luminal epithelial cells or their precursors might be responsible for the MTfs overexpression.
Similarly, the data from LPS experiments do not suggest a major role for MTfs in the immune response. However, it might be premature to rule out an immune system role for MTfs. In previous studies from our group, a significant (threefold) overexpression of Hg MTf1 was found in intestinal tissues from LPS-treated animals (Ramírez-Gómez et al., 2008 . In these experiments, animals were kept in sea aquaria for 1 week prior to LPS treatment. This procedure is done to set a basal immune status among the animals prior to treatment using pathogen associated molecular patterns (PAMPs). In contrast, the animals in the present study were treated with LPS only 24 hr after collecting from the wild. Thus, the difference in MTf response could be due to the level of immune system activation where animals in the wild that are exposed to continuous immunological challenges already have activated their defensive molecular machinery, including their MTfs. This scenario might also apply to the expression of Hg MTfs in coelomocytes during immune activation.
Having stated the possible roles of MTfs, it is also important to recall that the H. glaberrima genome, in contrast to other animals that have been studied, apparently contains four different MTf genes. Thus, it is easily conceivable that the differential expression of these genes in different organs might be cell type-specific and that they might be playing similar but not necessarily identical roles. This possibility will be further examined on future experiments where the localization of the different gene products can be analyzed using specific antibodies that recognize particular MTfs and/or in situ hybridization probes.
In summary, we report here the extraordinary finding of four different MTfs expressed in one holothurian species and their expression in different organs. In addition, we provide data on the expression profile of these MTfs during the immune and regenerative processes, in particular the increased expression associated with intestinal regeneration. Our results provide new and unexpected information on MTf, a molecule of great interest to researchers but whose function remains obscure. They suggest a possible role of MTfs in regenerative processes that might help other investigators in their pursuit of MTfs functions in other species.
